1. Introduction
===============

Gold at the molecular level is a completely different beast than the bulk material. The metal is known for its chemical stability which gives rise to its untarnished luster, but atomic gold has a complex chemistry that goes far beyond metal alloys. Gold\'s chemical properties are a result of its 5d^10^6s^1^ valence electronic structure which, due to gold being a third row transition metal, is strongly influenced by relativistic effects.[@cit1] This leads to a contraction of the 6s orbital which gives the gold atom both a high ionization potential (IE = 9.25 eV)[@cit2] and electron affinity (EA = 2.31 eV).[@cit3] The stabilization of the 6s orbital also leads to gold atoms exhibiting chemical properties similar to "big" hydrogen atoms in a number of chemical environments.[@cit4]--[@cit9]

Clusters and nanoparticles of gold in particular have been shown to be remarkably good catalysts, debunking the previous assumption that gold had little chemical activity.[@cit10]--[@cit12] Much of this focus has been on the roll of gold complexes in driving hydrogenation and oxidization reactions in organic chemistry.[@cit10]--[@cit12] A category of such catalysts that have found interest recently are gold nanoclusters protected by organic ligands, such as Au~*m*~(SPh)~*n*~ (Ph = C~6~H~5~) systems, where a core consisting of a Au~8~^4+^ cluster is stabilized by the surrounding ligands.[@cit13],[@cit14] These types of complexes are used as catalysts for effective site-selective hydrogenation.[@cit13],[@cit14]

Organometallic complexes first sparked significant interest with the discovery of the ferrocene in the 1950s.[@cit15]--[@cit17] Work in this field has since continued with the interactions between metals and organic systems being deduced from studies of their interactions with individual molecular building blocks. However, relatively little work has been done investigating the interactions between gold---in particular gold clusters---and many groups of organic molecules. New results on this matter can help improve our understanding as to how gold interacts with biological systems and may also play a role in the development of new gold-based catalysts. This work is the first part of a series of studies we are carrying out to investigate the properties of gold nanoparticles in various chemical environments.

In this work we have studied complexes consisting of one or more gold atoms/ions and imidazole (C~3~N~2~H~4~, abbreviated Im) molecules. Imidazole is a simple nitrogen-containing heterocycle consisting of the pentagonal structure shown in [Fig. 1](#fig1){ref-type="fig"}. An aromatic molecule, imidazole forms the basis for a wide range of organic molecules such as the DNA bases guanine and adenine, histidines, histamines, and N-heterocyclic carbene (NHC) complexes to name a few.[@cit18] We produce neutral Au~*m*~Im~*n*~ complexes in superfluid helium nanodroplets which are then ionized. Using mass spectrometry to study the Au~*m*~Im~*n*~^+^ products, we identify a number of seemingly "magic" combinations of *m* and *n*, *i.e.* structures that are particularly abundant compared to those with *n* ± 1 imidazole molecules for a given *m* Au atoms. We have also performed quantum chemical structure calculations to identify the origin of these abundant structures and find that certain structures, *e.g.* AuIm~2~^+^ and Au~3~Im~3~^+^, are indeed much more stable than systems with more imidazole molecules. We also find that clusters larger (*i.e.* containing more imidazole rings) than the most abundant sizes predominantly dissociate through the loss of neutral imidazole molecules, while at and below the these sizes (*i.e.* fewer imidazoles) they mainly lose one or more neutral gold atoms.

![The molecular structure of imidazole. The labels next to each C and N atom are used to denote the locations of bond sites when discussing our results.](c8cp00486b-f1){#fig1}

2. Experimental methods
=======================

The experiments carried out for this work were performed using the apparatus described in detail in [@cit19]. Here, superfluid helium nanodroplets are formed in the supersonic expansion of He gas at a pressure of 2.5 MPa into a vacuum through the 5 μm diameter aperture of a nozzle cooled to 9.4 K. This results in a broad size distribution of He droplet sizes with a mean size of approximately 10^6^ atoms. A beam of He nanodroplets is formed and the center part passes a skimmer with a 0.8 mm diameter aperture positioned 8 mm from the nozzle. The beam then traverses two sequential pickup chambers where the droplets are doped with gaseous imidazole molecules and Au atoms, respectively. The imidazole vapor is formed in an oven containing imidazole powder (\>99% purity from Sigma Aldrich) operating at 420 K, and in the second chamber an oven heated to approximately 1300 K is used to vaporize solid gold. The number of imidazole molecules and Au atoms picked up by each droplet varies following a Poisson distribution, with the average number of dopants in each individual droplet depending on its geometrical cross section. In the next stage the doped droplets are ionized by irradiation with electrons with a kinetic energy of 88 eV. Positively charged products are analyzed using a reflectron time-of-flight mass spectrometer from Tofwerk AG (model HTOF). The raw mass spectrum is reduced using the IsotopeFit software,[@cit22] which deconvolutes overlapping features lying close to each other in mass (such as different cluster makeups with the same nominal mass).

3. Theoretical methods
======================

We have studied the structures and stabilities of gold and imidazole complexes using Self Consistent Charge Density Functional Tight Binding (SCC-DFTB) and Density Functional Theory (DFT) calculations. Due to the high speed at which SCC-DFTB calculations can be performed, we used this method to screen input structures before running more expensive DFT structure optimizations. For this we used the auorg-1-1 parameter set.[@cit23],[@cit24] For the DFT calculations we used the M06 functional---which has been shown to give good results for organic complexes containing transition metals[@cit25]---together with the Zeroth Order Regular Approximation (ZORA) relativistic correction.[@cit26],[@cit27] Structures were optimized with the M06 functional and an all-electron def2-SVP basis set before single point energy calculations were performed with a def2-TZVP basis set.

The SCC-DFTB calculations were performed using the DFTB+ package (release 17.1)[@cit28] and the DFT calculations were run using the ORCA suite (version 4.0.1).[@cit29]

4. Results
==========

A mass spectrum of cationic species formed when helium droplets containing gold and imidazole are ionized is shown in [Fig. 2](#fig2){ref-type="fig"}. Here we have highlighted the highest peaks from the Au~*m*~Im~*n*~^+^ (1 ≤ *m* ≤ 6 and 0 ≤ *n* ≤ 15) cluster series. All of these complexes are bare of any helium, indicating that these ions have been pushed out of a droplet by other charged species that are formed at the same time. A consequence of the exothermic charge transfer from He^+^, formed when the droplet is ionized, to the dopant is that the neutral gold and imidazole complexes that are initially in the droplets are expected to undergo restructuring---such as partial dissociation.

![Cationic mass spectrum of ionized helium nanodroplets containing gold and imidazole. Series of Au~*m*~Im~*n*~^+^ with fixed values of *m* and 0 ≤ *n* ≤ 15 are indicated by their peak heights and grouped by color. The pure imidazole clusters (gray line) are predominantly protonated and follow a smooth size distribution. The extra proton likely originates from the dissociation of an imidazole unit in a larger neutral precursor cluster upon charge transfer from He^+^. Clusters containing gold are not observed to be protonated. The inset shows a zoom in of the mass spectrum where four peaks (the main peak in each isotopologue series) are labeled, demonstrating the high resolution of the current setup.](c8cp00486b-f2){#fig2}

[Fig. 3](#fig3){ref-type="fig"} shows an overview of the integrated intensities of Au~*m*~Im~*n*~^+^ complexes from the mass spectrum in [Fig. 2](#fig2){ref-type="fig"}. In each of the panels of [Fig. 3](#fig3){ref-type="fig"} (each number of Au atoms) we see that a specific number of imidazole molecules (*n* = 2 in the case of AuIm~*n*~^+^) is significantly more abundant than the rest for a given gold cluster size. Complexes with a single Au atom seem to prefer to contain two imidazole molecules while those with 2 or 3 Au atoms preferably carry 3 imidazole molecules. Systems with 4 Au atoms stand out with two strong features coming from complexes with 3 or 4 imidazole molecules. Finally, the largest systems studied here, with 5 and 6 Au atoms, mainly contain 4 imidazole rings. Other combinations of gold and imidazole have significantly lower abundances, with broad distributions that could be remnants of the size distributions prior to ionization. There is also a trend that odd-numbered gold clusters (*n* = 1, 3, 5) show somewhat more prominent intensity maximas that the even-numbered clusters (*n* = 2, 4, 6) which could indicate that the standout odd-numbered structures are particularly stable. Due to the processes in which the cations are formed and the behavior of the mass spectra, we expect the "magic" sizes in each series to mainly be produced through the decay of larger counterparts (*e.g.* those with more imidazole molecules) instead of forming in the neutral droplets. It is thus difficult to directly compare the intensities of complex sizes above and below the maxima in each cluster series as this appears to be a bottle-neck in the decay process.

![Integrated intensities of Au~*m*~Im~*n*~^+^ complexes arranged by fixed values of *m*. Vertical lines indicate the most abundant number of imidazole molecules in each panel. The statistical error bars are in most cases smaller than the data points.](c8cp00486b-f3){#fig3}

We have investigated the structures of AuIm~*n*~^+^, where *n* = 1, 2, 3; Au~2~Im~*n*~^+^, where *n* = 1, 2, 3, 4; Au~3~Im~*n*~^+^, where *n* = 1, 2, 3, 4; and Au~4~Im~*n*~^+^, where *n* = 1, 2, 3, 4, 5, using DFT structure calculations in order to better understand the experimental results. We have performed calculations on several geometries for each cluster size, and the geometries that are shown here are those with the lowest energies and those that lie within 0.15 eV of the lowest energy structure (other than a few exceptions for educational purposes, *e.g.* highlighting specific AuIm~*m*~ geometries). The dissociation energy given with each structure in [Fig. 4--7](#fig4 fig5 fig6 fig7){ref-type="fig"} is the lowest dissociation energy found for that cluster geometry. The corresponding dissociation pathways are discussed in the text and summarized in [Fig. 9](#fig9){ref-type="fig"}. The results of the calculations are covered in the next sections and a summary is given in the discussion.

![Proposed structures of AuIm~*n*~^+^, *n* = 1, 2, 3, and lowest dissociation energies from M06/def2-TZVP//M06/def2-SVP calculations.](c8cp00486b-f4){#fig4}

![Proposed structures of Au~2~Im~*n*~^+^, *n* = 1, 2, 3, 4, and lowest dissociation energies from M06/def2-TZVP//M06/def2-SVP calculations.](c8cp00486b-f5){#fig5}

![Proposed structures of Au~3~Im~*n*~^+^, *n* = 1, 2, 3, 4, and lowest dissociation energies from M06/def2-TZVP//M06/def2-SVP calculations.](c8cp00486b-f6){#fig6}

![Proposed structures of Au~4~Im~*n*~^+^, *n* = 1, 2, 3, 4, 5, and lowest dissociation energies from M06/def2-TZVP//M06/def2-SVP calculations.](c8cp00486b-f7){#fig7}

4.1. AuIm~*n*~^+^
-----------------

The lowest energy structure of AuIm^+^ is found when Au forms a covalent bond to the N^3^ site of the imidazole ring, forming the planar lollipop-shaped structure labelled (a) in [Fig. 4](#fig4){ref-type="fig"}. The calculated binding energy of this system is 2.9 eV for the AuIm^+^ → Im^+^ + Au dissociation channel. In addition to this structure, three other geometries identified for the AuIm^+^ are shown as panels (b)--(d). In each of the latter cases, the Au is located above the plane and near the edge of the imidazole ring with a binding energy that is significantly lower than the bond at the N^3^ position.

This trend is repeated with the addition of a second imidazole molecule (structures (e) and (f) in [Fig. 4](#fig4){ref-type="fig"}). The second ring preferentially forms a bond *via* the N^3^ atom to the Au center, resulting in a dumbbell shaped ImAuIm^+^ structure (panel (e)). Alternative structures, like the one shown in panel (f), follow the same order in binding energies as in the case of AuIm^+^. Noteworthy is that the binding energy of the second imidazole ring is higher than that of the first one by a few tenths of an eV for the most stable structures.

The lowest energy AuIm~3~^+^ system found in our calculations is shown in panel (g) in [Fig. 4](#fig4){ref-type="fig"}. Compared to the first two rings, the third imidazole is only weakly bound to the Au core, in agreement with the experimental results where AuIm~*n*\>2~^+^ are much less abundant than AuIm~2~^+^ complexes.

4.2. Au~2~Im~*n*~^+^
--------------------

In [Fig. 5](#fig5){ref-type="fig"} we show optimized structures for Au~2~Im~*n*~^+^ complexes where *n* = 1, 2, 3, 4. For Au~2~Im^+^ and Au~2~Im~2~^+^ (structures (h) and (i)) the trends observed for systems with a single Au are repeated. In both of these cases the lowest energy dissociation channel is the loss of a neutral Au atom, resulting in structures shown in [Fig. 4](#fig4){ref-type="fig"}. The imidazole molecules thus contribute to breaking down the gold clusters. Structure (j) in [Fig. 5](#fig5){ref-type="fig"} shows an alternative form of Au~2~Im~2~^+^ with a barbell shape that is significantly less stable than structure (i), which is mainly due to a weakening of the Au--Au bond.

The addition of a third imidazole ring (structure (k)) stabilizes the Au~2~Im~3~^+^ system relative to clusters with only two rings. The lowest energy structure that we have found forms a T-shape, with two rings attached to one Au atom and a single ring to the other. There are two competing dissociation pathways for this system separated by less than 0.1 eV, the Au~2~Im~3~^+^ → Au~2~Im~2~^+^ + Im and Au~2~Im~3~^+^ → AuIm~2~^+^ + AuIm, with the prior having the lower dissociation energy. We have identified a few different Au~2~Im~4~^+^ structures, all with the same properties and similar binding energies. The lowest energy isomer found is shown as structure (l). Here the fourth imidazole ring forms a weak bond at a N--H--N site, essentially a hydrogen bond, with one of the other rings. Other positions are possible too, however none results in the fourth imidazole ring forming a covalent bond with the Au~2~ core.

4.3. Au~3~Im~*n*~^+^
--------------------

The cationic gold trimer forms an equilateral triangle shaped structure[@cit30] and this basic structure is only weakly influenced by the binding of an imidazole ring (structure (m) in [Fig. 6](#fig6){ref-type="fig"}). Again the imidazole binds to the metal cluster *via* the N^3^ site and the ring orients itself perpendicularly to the plane of the cluster. The lowest energy dissociation pathway here is the loss of the neutral imidazole ring leaving the bare Au~3~^+^ cluster. Similarly, the lowest energy structure for Au~3~Im~2~^+^ that we have identified, structure (n), has a triangular Au~3~ core with the two imidazole rings occupying separate Au atoms. The dissociation energy for Au~3~Im~2~^+^ (about 1.4 eV) is somewhat lower than for Au~3~Im^+^ and Au~3~Im~3~^+^ (2.4 and 1.8 eV, respectively for structures (m) and (o)), with the Au~3~Im~2~^+^ → AuIm~2~^+^ + Au~2~ pathway giving the lowest dissociation energy.

Like with the Au~2~Im~3~^+^ systems, Au~3~Im~3~^+^ (structure (o)) is stabilized by the presence of a third imidazole molecule resulting in as structure with near *C*~3~ symmetry (depending on the orientation of the imidazole rings). The lowest energy dissociation channel for Au~3~Im~3~^+^ is through the loss of a neutral imidazole ring resulting in Au~3~Im~2~^+^ as the charged fragment.

A proposed structure of Au~3~Im~4~^+^ is shown as panel (p) in [Fig. 6](#fig6){ref-type="fig"}. The fourth imidazole interacts here directly with the Au~3~ core, however it lowers the overall stability of the cluster such that the dissociation energy for losing a neutral imidazole ring is only about 0.4 eV.

4.4. Au~4~Im~*n*~^+^
--------------------

The most stable isomer of Au~4~^+^ is a rhombic structure,[@cit30] with a tetrahedron structure lying about 0.3 eV above the prior according to our calculations. The rhombic structure remains energetically preferred following the addition of an imidazole molecule, with two possible structures ((q) and (r) in [Fig. 7](#fig7){ref-type="fig"}) being separated by about 0.1 eV. The roles are reversed when two imidazole rings bind to Au~4~^+^. Now the decorated tetrahedron structure is preferred over the rhombic structure. The lowest energy examples of these two types of structures are labelled (s) and (t) in [Fig. 7](#fig7){ref-type="fig"}. Additional complexes with a rhombic Au~4~ substructures and different locations of the two imidazole rings have potential energies more than 0.1 eV higher than structure (t).

Our calculations indicate that the Au~4~Im~3~^+^ structure strongly prefers the tetrahedron geometry ((u) in [Fig. 7](#fig7){ref-type="fig"}). Attempts to optimize Au~4~Im~3~^+^ with a rhombic Au~4~ substructure all result in the folding of the gold atoms into a tetrahedron. The most stable Au~4~Im~3~^+^ structure has a threefold symmetry similar to Au~3~Im~3~^+^ and the lowest energy dissociation pathway identified is the loss of a single neutral Au atom. For Au~4~Im~4~^+^ we identify both tetrahedron (v) and rhombic (w) geometries, with the prior being energetically preferred. The tetrahedron Au~4~Im~4~^+^ consists of two linear Au~2~Im~2~ elements arranged perpendicularly to each other with their axes offset by about 2.25 Å. The most stable Au~4~Im~5~^+^ complex we have identified is labeled (x) in [Fig. 7](#fig7){ref-type="fig"}. This consists of the basic tetrahedron Au~4~ core decorated with four imdazoles, structure (v), with the fifth ring forming a hydrogen bond with one of the NH sites of a neighboring ring. It is the loss of the fifth ring which has the lowest dissociation energy for this system. Similar structures are observed with a rhombic Au~4~ core, although these are less stable by at least a few tenths of an eV.

4.5. Au~5~Im~*n*~^+^ and Au~6~Im~*n*~^+^
----------------------------------------

Due to the increasing complexity and number of isomers, we have not performed calculations for systems with five or more Au atoms.

5. Discussion and conclusions
=============================

A summary of the calculated dissociation energies of Au~*m*~Im~*n*~^+^ complexes is shown in [Fig. 8](#fig8){ref-type="fig"}. From this figure it is clear that two of the "magic" structures observed in the experiments ([Fig. 3](#fig3){ref-type="fig"}), AuIm~2~^+^ and Au~3~Im~3~^+^, stand out as being significantly more stable than clusters containing one additional imidazole ring. However, the Au~2~Im~3~^+^, Au~4~Im~3~^+^, and Au~4~Im~4~^+^ systems are only slightly more stable than those containing one additional imidazole ring. It is thus not clear from the dissociation energies alone why these complexes are so abundant in our experiments relative to other systems of similar size.

![Lowest dissociation energies determined by our structure calculations at M06/def2-TZVP//M06/def2-SVP level of theory. The lines connecting the data points are to guide the reader. The corresponding charged fragments are given in [Fig. 9](#fig9){ref-type="fig"}.](c8cp00486b-f8){#fig8}

A contributing factor to the observed "magic" numbers in the experiments is likely the specific fragmentation patterns exhibited when the different systems dissociate. In [Fig. 9](#fig9){ref-type="fig"} we present the charged products produced when each Au~*m*~Im~*n*~^+^ cluster size dissociates along its lowest energy pathway (disregarding potential reaction barriers). For large systems, with more imidazole rings than the observed maxima in each gold cluster series, the lowest energy dissociation pathway is consistently the loss of neutral, loosely bound imidazole molecules. After losing a sufficient number of imidazole molecules, systems that remain hot enough can then dissociate through the loss of neutral gold atoms, possibly together with one or more imidazole rings. This transition between losing neutral imidazole and neutral gold correlates well with the experimentally observed "magic" number of imidazole molecules for each of the four sizes of Au~*m*~ clusters that we have studied theoretically. Thus in an assumed top-down decay process, the systems with lower numbers *n* of imidazole molecules in each of the panels of [Fig. 3](#fig3){ref-type="fig"} will likely have been depleted by the loss of Au atoms, contributing among other pathways to the strong signals from AuIm~2~^+^ and Au~3~Im~3~^+^ that we detect.

![Matrix indicating the charged product that remains when Au~*m*~Im~*n*~^+^ dissociates along the lowest energy pathway (not considering intermediate barriers). Columns represent fixed values of *m* and rows values of *n*. Cells shaded red indicate products that have loss at least one Au atom (and any number of imidazole), while blue cells indicate the loss of a single neutral imidazole ring. The striped cell for the Au~2~Im~3~^+^ parent indicates two dissociation energies separated by less than 0.1 eV. We expect all systems larger than those shown here to fragment mainly through the loss of neutral imidazole.](c8cp00486b-f9){#fig9}

An interesting feature that stands out in the experiments is the pair of Au~4~Im~3~^+^ and Au~4~Im~4~^+^, which are about equally abundant. It is not clear from the dissociation energies ([Fig. 8](#fig8){ref-type="fig"}) why this is the case, although some clue might be given by the structures in [Fig. 7](#fig7){ref-type="fig"}. We find no stable rhombic structure for Au~4~Im~3~^+^, although there is one for Au~4~Im~4~^+^. There could be some reaction barrier that stabilizes the rhombic Au~4~Im~4~^+^ → Au~4~Im~3~^+^ + Im dissociation pathway that gives the double peak, although this remains speculative.

The structures of Au~*m*~Im~*n*~^+^ that we have identified with out calculations are distinctively different than the sandwich and riceball structures found in studies of complexes consisting of transition metals and aromatic molecules like benzene[@cit31]--[@cit36] and cyclopentadienyl.[@cit17] This distinction is perhaps most clear when comparing the dumbbell AuIm~2~^+^ (structure (e), [Fig. 4](#fig4){ref-type="fig"}) with, for example, ferrocene Fe(C~5~H~5~)~2~. Ferrocene is made up of an iron atom sandwiched between two cyclopentadienyl rings with Fe forming equally distributed η^5^ bonds with the carbon atoms in each molecule.[@cit17] Imidazole is essentially a cyclopentadiene molecule with two nonadjacent CH groups replaced with N and NH (N^3^ and N^1^ in [Fig. 1](#fig1){ref-type="fig"}), respectively, and it is the lone electron pair from the N^3^ site that gives the strongest bonds with gold. This preference is observed for all of the larger Au~*m*~Im~*n*~^+^ systems that we have studied here and is the reason why sandwiched structures are disfavored.

It is thus clear that gold and imidazole form strong chemical bonds, so strong that imidazole is able to break down smaller gold clusters. However, a complete theoretical picture of properties of these systems will require more advanced calculations than presented here, such as dynamical simulations, to properly include reaction barriers and the role of different cluster geometries, especially for larger systems. Nonetheless, our experimental results clearly show that different sizes of gold clusters preferentially bind specific numbers of imidazole molecules. The structures of these systems are given by our calculations, which also gives insight into the stabilities of these systems and the reasons for their abundance. It will be interesting to compare these results with others where imidazole is replaced by other molecular systems, insights that will improve our understanding of the chemical nature of gold nanoparticles.
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